Recent advances in colloidal synthesis methods have led to increased research focus on halide perovskites. Due to highly ionic crystal structure of perovskite materials, stability issue pops up especially against polar solvents such as water. In this study, we investigate water-driven structural evolution of CsPbBr 3 by performing experiments and state-of-the-art first-principles calculations.
I. INTRODUCTION
Halide perovskites, having the structure of ABX 3 to receive more attention. 3 Since then, in a short period of time, perovskite solar cells have become able to improve the conversion efficiency from 3.81% to almost 20%. 2, [4] [5] [6] Apart from the success of these materials in photovoltaic applications 7 , it has been demonstrated recently that these materials can be applied also to light-emitting diodes (LEDs), [8] [9] [10] lasers, 11, 12 photodetectors, 13 etc. due to their unique optical properties; high quantum yield (90%), wavelength tunability, and color purity.
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Even though all-inorganic perovskites are better in terms of intrinsic stability than the organometallic halide ones, stability is still a challenge especially against moisture and polar solvents such as water, ethanol, acetone, etc. 
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In addition, theoretical studies on defects in perovskites have been widely studied. [45] [46] [47] [48] Although the organic-inorganic hybrid lead halide perovskites have been studied theoretically and experimentally, the pure inorganic alternative, CsPbBr 3 phase, has been recently found to possess most of the good properties of the hybrid lead halide counterpart.
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The paper is organized as follows: Detailed information about computational and experimental methodologies are given in Section II. Characteristic properties of as-synthesized formed immediately after the quick evaporation of hexane. Second, an aliquot of distilled water was put over the CsPbBr 3 coated silica substrate and waited till the water completely evaporates. Characterizations were carried out in ambient conditions. For further aging of the crystals, water driven transitions were conducted by adding desired amount of water.
Water contact time was recorded as the total time of exposure.
The diffraction profile of the CsPbBr 3 structures was recorded with an X-ray diffractome-5 ter (XRD, XPert Pro, Philips, Eindhoven, the Netherlands). Scanning electron microscopy (SEM; Quanta 250, FEI, Hillsboro, OR, USA) was used to determine CsPbBr 3 morphology in back-scattering electron (BSE) detectors. Image of the degraded crystals were captured via optical microscope (BX 53, Olympus, Tokyo, Japan). Emission spectra was determined by USB2000+ spectrometer (Ocean Optics Inc., Dunedin, FL, USA) via a premium fiber cable. Raman (Horiba Xplora plus) was used to determine fingerprint Raman-active vibrations of CsPbBr 3 structures. Absorption was collected via using OLYMPUS (CX-31) optical microscope integrated with USB2000+ spectrometer.
B. Computational Methodology
To investigate interaction between Cs-and Pb-rich surfaces of orthorhombic CsPbBr 3
with water, OA, and OAm molecules, we performed density functional theory-based calculations using the projector augmented wave (PAW) 51, 52 potentials as implemented in the Vienna ab initio Simulation Package (VASP). 53, 54 The local density approximation (LDA) 55 was used with the inclusion of spin-orbit coupling (SOC) to describe the exchange and correlation potential as parametrized by the Ceperley and Alder functional to describe the exchange and correlation potential. 56 Bader technique was used to analyze the partial charge transfer on the atoms.
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A plane-wave basis set with kinetic energy cutoff of 500 eV was used for all the calculations. The total energy difference between the sequential steps in the iterations was taken to be 10 −5 eV for the convergence criterion. The total force in the unitcell was reduced to a value of less than 10 −4 eV/Å. Γ-centered k-point meshes of 3 × 3 × 3 were used. A vacuum space of 10Å was incorporated to avoid interaction with adjacent surfaces. Gaussian smearing of 0.1 eV was used for electronic density of states calculations. Spin-polarized calculations were performed in all cases.
III. RESULTS
Structural and electronic evolution of the water interacting CsPbBr 3 crystals were captured under both daylight and UV light (254 nm) at different times, and presented in Fig. 1 .
First, silica substrates were identified as neat showing black color under both daylight and 6 UV. After dropping the CsPbBr 3 / hexane dispersion over the substrate, the sample was observed to become green and yellowish like color under daylight and explicit blue under UV. After interacting with water molecules about 24 hours, as shown in Fig. 1 (b) , CsPbBr 3 turn into explicit greenish color with some white crystals move around expanding the sample volume, which exhibits green emission covering large area while leaving a small region as emitting blue under UV light. Further interaction with water leads to formation of white and relatively large crystals that do not exhibit luminescence under UV illumination due to possible degradation ( Fig. 1 (c) and (d) Besides, it is seen that the bond between Pb and Br atoms has strong ionic character. On the other hand, Cs atoms slightly bind to the other atoms in the system even though the system receives charge from Cs atoms.
SEM image presented in Fig. 2 (b) shows the morphological characteristics of CsPbBr 3 crystals. It is observed that the crystals, even though they have negligible aggregation, possess 1-dimensional shape. By selecting the individual ones from the image reveals that these NWs have nano scale diameter (∼ 50 nm) and submicron lengths (∼ 0.5-1.5 µm).
Raman measurement performed at room temperature with 785 nm laser excitation shows that CsPbBr 3 has five Raman-active modes as presented in Fig. 2 (c) . Optical bandgap of CsPbBr 3 NWs was determined via absorption spectrum, as shown in Fig. 2 (d) . Based on the data presented in Fig. 2 (d) , NWs show broad range of absorption starting from the wavelength of ∼488 nm, which follows an increasing trend with the decreasing wavelength. Absorption rate grows almost exponentially below ∼425
nm. To estimate bandgap, wavelength of where the absorption begins is considered, which
gives rough value about 2.54 eV. The bandgap, which corresponds to a wavelength of 488 nm is verified by photoluminescence (PL) spectrum, which is given with a dashed line in Fig. 2 (d) , of the NWs. In that spectrum, it is observed that NWs have narrow (FWHM = 38 nm) blue emission with maximum PL intensity at 475 nm under 254 nm UV light.
The wavelength, which corresponds to 2.61 eV, is very close to the estimated bandgap value above. For visualization, photograph of the casted CsPbBr 3 NWs over silica substrate under UV illumination, which is an explicit blue, is presented as the inset of Fig. 2 (d) .
B. Water-assisted Transition from Blue to Green Light Emitting Structure
While CsPbBr 3 preserves its yellowish color during the water treatment, water-driven transition into the green-emitting phase can be observed under UV. As shown in Fig. 3 (a) , the transition from blue to green emission due to water was recorded with different times.
After 24 hours, emission becomes consisting of two distinct signals; one signal around 450 nm represents the individual NWs (verifies the blue region in Fig. 1 (b) ) and a signal around 500 nm (greenish), which indicates a significant red-shift. From 24 hours to 70 hours, blue signal reduces and finally disappears while greenish signal increases and dominates as a single signal at last.
SEM image shown in Fig. 3 (b) reveals formation of larger crystals that were grown particularly in longitudinal direction compared to individual NWs, reaching >5 µm. Inset demonstrates an image that was taken with higher magnification over the edge of one of these crystals. It was observed that the tip of a large and rod-like crystal consists of many NWs, and inset of Fig. 3 (b) verifies the bundle formation through individual NWs. Therefore, the water-driven red-shift in emission clearly stems from quantum size effect, which is led by the structural transition from nanowire to bundle.
Crystal structure of green-emitting CsPbBr 3 was determined by x-ray diffraction measurement, as shown in Fig. 3 (c) . It is seen from the 2θ reflections at 15
• , 22
• , 30
• , and
31
• confirms that blue and green-emitting phases correspond to the same crystal structure.
However, emergence of additional reflections 2θ at 12
• and 25
• are indication of locally formed Cs 4 PbBr 6 . 63 Raman spectra of green emitting CsPbBr 3 bundles shows that prominent peak at 72 cm −1 and the other 4 modes still exist, as presented in Fig. 3 (d) . Raman activity of water interacted region is the same with as-synthesized CsPbBr 3 crystals. Therefore, vibrational characteristics of CsPbBr 3 NWs remains unchanged through the bundle formation.
Here, for deeper understanding of the water-driven nanowire-to-bundle transformation,
we employ state-of-the-art first principles calculations. In order to examine all possible surfaces, we truncated bulk orthorhombic CsPbBr 3 at Cs and Pb surfaces as shown in OA molecule is found to be 221 meV.
To provide a complete discussion, interaction of water with ligands is also taken into 
C. Complete Degradation
This section is devoted to understanding of how the green light emitting CsPbBr 3 bundles interact with water and become completely degraded. As shown in Fig. 5 (a) , further water treatment of green-emitting phase having intense PL signal at 500 nm results in transformation into another phase that has no optical activity. Optical image presented in For understanding of the final structure in terms of crystallographic perspective, XRD measurements were employed to white crystals, namely non-emitting large bundles. XRD patterns of degraded and as-synthesized NWs, CsBr, and PbBr 2 are presented in Fig. 5 For further analysis of non-emitting regions, we also present the Raman spectrum of de-graded regions of the crystal structure in Fig. 5 
IV. CONCLUSIONS
In conclusion, we investigated how CsPbBr 3 perovskite is degraded by water using Raman, XRD,PL measurements and state-of-the-art computational techniques. It is seen that during degradation even though no significant structural changes were visible by the naked eye, UV illumination reveals that the complete degradation takes place in two different steps (i) transformation from nanowires to bundles and (ii) complete degradation from bundles to constituents. As verified by the first-principles calculations, competing interactions between water molecule oleic acid and oleilamine on the surface determine whether the structure crystallizes into a nanowire, bundle or degraded form. Our photoluminescence, Raman and XRD measurements also revealed that during the transition from blue-to green-emitting phase of the CsPbBr 3 crystal symmetry remains the same. In the final step, complete degradation of CsPbBr 3 structure takes place by formation of CsPb and PbBr 2 powders. We believe that these results provide the important advances in understanding the water-driven degradation of perovskite crystals and may construct a theoretical basis for fundamental investigations on their stability. 
